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Abstract
Proton for Materials (P4M) is an irradiation facility proposed for the ESS-Bilbao (ESS-B) accelerator, currently under construction
in Bilbao, Spain. P4M will enable users to investigate the behavior of materials for fusion reactors when irradiated with pulsed
proton beams. This paper presents a feasibility study of such proton irradiation laboratory as well as results of thermal charge,
refrigeration, and activation on samples.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of the Organizing Committee of UCANS III and UCANS IV.
Keywords: proton irradiations; radiation biology; radiation testing; fusion materials.
Proton irradiation has been proposed for simulating neutron radiation damage and it highlighted that irradiation
with medium-energy and high intensity (energy range between 20-70 MeV, and intensity in the order of the mil-
liampere) protons is useful to produce damage in a way similar to that generated by neutrons in fusion reactors.
In addition, this method presents the important advantage of attaining implantation over thicknesses of a millime-
ter or more, a much larger range that those accessible by alternative methods of ion implantation [Konashi et al.
(1997)][Baluc et al. (2007)].
1. Damage at target
One of the key parameters to be determined when evaluating the P4M laboratory feasibility is the maximum power
deposition that can be endured by a certain target during irradiation. A 50 MeV proton beam incident on 56Fe test
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Fig. 1. Mean displacement per atom (dpa) induced in a 56Fe test target by a 50 MeV proton beam (current densities 0.04, 0.1 and 0.22 mA/cm2)
versus irradiation time.
DPAs   after 200h at 0.1 mA/cm2
-0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8  1
z-length (cm)
 0
 1
 2
 3
 4
 5
 6
ph
i-l
en
gt
h 
(c
m
)
 0
 1
 2
 3
 4
 5
 6
 7
 8
 9
Fig. 2. Displacement per atom (dpa) induced in a 56Fe test target by a 50MeV proton beam (0.1 mA/cm2 and 200 hr of irradiation).
targets (25 cm2 square samples of 1 mm thickness), with average currents in the range of 1 to 2.5 mA, is considered
for performing fusion materials testing. The displacement damage in the sample is proportional to the product of the
current density and the irradiation time and displacement per ion calculated with SRIM/TRIM [Ziegler et al. (1985)].
In Figure 1, damage has been averaged over the sample’s surface.
Considering that 1 dpa is, typically, the relevant value in a fusion environment such as DEMO, and that 1 week
of ESS-B beam time is a reasonable experimental time, then the beam cross-section should be about 25 cm2 with an
average current of 2.5 mA (0.1 mA/cm2) so that about 200 hours of beam time will be required. Figure 1 displays
damage averaged on targets surface. These results have been conﬁrmed by a more detailed analysis of the damage
distribution in the sample using the FLUKA code [Ferrari et al. (2005)]; see for instance Figure 2.
2. Thermal analysis
A 50 MeV proton beam passing through a 1 mm thick iron target suﬀers, according to SRIM/TRIM [Ziegler et
al. (1985)] transport code, an energy loss ΔE of 7 MeV, this power being homogeneously deposited inside the target
material. Hence the instant volumetric power deposition is:
dQ
DV
(
W
m3
) =
ΔE(eV) · I(A)
t(m) · π · r2(m2)
where I is beam current (75 mA and 1.5 ms repetition rate at 20 Hz pulsed beam or 2.25 mA continuous beam); t is
sample thickness (1 mm); and r is the beam radius (28 mm). The input data for the analysis by COMSOL Multiphysics
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Fig. 3. Distribution of temperatures in the sample after 5s of irradiation with both refrigeration conditions.
Fig. 4. Steady state temperature proﬁle along the transversal line through the sample and holder with channel system.
[5] are: i) geometry: a rectangular plate considered for adaptation to the holder, ii) beam deposition: a constant heat
generation and iii) a current density of 0.1 mA/cm2 (see ﬁgure 1).
Figure 3 shows the results of the thermal studies. The plot on the left explores the possibility of refrigerating the
sample at two edges while the plot on the right deal with refrigeration applied to the back side of the samples, which
seems to be the optimal way.
Refrigeration by means of a water cooling channel in a sample holder in contact with the back surface of the sample
has been analyzed using COMSOL Multiphysics [5]. The material selected for the sample holder is aluminum. The
model, presented in Figure 4, consists of a 2 mm thick water duct enclosed in a 4 mm thick Al holder. For instance,
a water velocity in the duct of 8 m/s, makes the temperature on the sample’s surface drop to 225oC and the water
temperature to rise to a maximum of 75oC at a width of 3 mm.
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Ss sample: Isotopic Activity after CT=1 day (Bq/cm3)
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Fig. 5. Sample isotopic production and activity after decay times of 1 day and 1 year.
3. Radioprotection studies
Radio protection studies have been performed using the Fluka Monte Carlo code [Ferrari et al. (2005)]. From the
needing of a refrigerating holder, a basic arrange of steel sample and aluminum holder has been modelled in order to
compute its activation under a 50 MeV and 2.25 mA proton beam. Irradiation time was set to 200 hr. The results,
presented in Fig. 5 correnspond to decay times of 1 day and 1 year after the end of irradiation. The left plots in Fig. 5
show the isotopes created in a Z-A map, allowing the identiﬁcation of each particular radionuclide.
Although the color code gives a rough sense of its activity, more relevant data of activities are given by the one-
dimensional histograms displayed on the right plots of Fig. 5.
Data given by Fig. 5 have been extracted and summarized in the following Table:
Activity at diﬀerent cooling times sample holder
1 day after irradiation 447.4 · 109 Bq 157.0 · 109 Bq
1 year after irradiation 21.98 · 109 Bq 10.99 · 109 Bq
This results show that the activation of targets is a concern and that even one year after irradiation the level of
activation is high. Hot cells and automatic remote handling would be necessary to transfer the samples.
4. Conclusion
After the study we can conclude that:
• An experiment to test fusion structural materials is feasible since 200 h of a 50 MeV and 0.1 mA/cm2 proton
beam irradiation would create an equivalent damage of 1 dpa in the target material, able to simulate real damage
from fusion neutrons.
• Water refrigeration of the experimental targets is a possible solution. Other methods are under study.
• Radio activation of targets is high even one year after irradiation. Hot cells and remote handling would be
necessary.
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